Depletion of oil resources and increase in energy demand have driven the researchers to seek ways to convert the waste products into high quality oils that could replace fossil fuels. Plastic waste is in abundance and can be converted into high quality oil through the pyrolysis process. In this study, pyrolysis oils were produced from polyethylene (LDPE700), the most common used plastic, and ethylene-vinyl acetate (EVA900) at pyrolysis temperatures of 700
Introduction
Plastic consumption is increasing dramatically every year due to the relative low cost of production in comparison to other materials and convenience in use and application. In 2015, plastic production reached the 322 million tonnes worldwide and the 59 million tonnes in the European Union [1] . The disposal amount of the waste plastics has also been increasing and it has been considered as one of the major components of the municipal solid waste. Polyethylene is the most common plastic with global production of around 80 million tonnes per year and main application in plastic bags, toys, oil containers, bottles and wrapping foil for packaging [2] . Polyethylene is manufactured from the polymerisation of ethylene polymers with the addition of catalysts and it can be classified into two main categories: low density polyethylene and high density polyethylene. Polyethylene-vinyl acetate or ethylene-vinyl acetate (EVA) is a copolymer of ethylene and vinyl acetate which represents the largest volume section of the ethylene co-polymer market [3] . The main uses of the EVA are in adhesives, sealants and coatings applications such as moulded automotive parts, flexible packaging, automobile bumpers, toys, flexible hoses and footwear components. Most of the plastics have very low degradation rate because of the molecular bonds of carbon, hydrogen and few other elements that make them very durable resulting in a serious environmental problem by landfilling them.
Plastic disposal can be reduced significantly if the waste plastics are managed efficiently at the end of their life. Mechanical recycling is a technique that applies sorting, grinding, washing and extrusion and can be used to recycle single polymer waste, which represent the 15-20% of the total waste plastics [4] . Chemical recycling or feedstock recycling can be used to treat significantly higher amount of waste plastics. Pyrolysis process is considered as a chemical recycling technique and it is a very promising technology for the waste plastics treatment [5] [6] [7] . Pyrolysis is a thermal degradation process that involves cracking of the complex organic molecules into smaller molecules and long hydrocarbon chains into shorter chains [8] . The process takes place in the absence of oxygen at elevated temperatures. The major products from the pyrolysis process are in liquid, gaseous and solid form while the amount of each product mainly depends on the feedstock composition and the pyrolysis process parameters such as temperature, residence time, heating rate and catalyst [9] [10] [11] . According to the literature review, the EVA pyrolysis
Nomenclature

LDPE700
low density polyethylene oil produced at 700 has not been investigated in depth and the basic properties of the produced oil has not been reported yet [12] [13] [14] . On the other hand, the pyrolysis of polyethylene has been studied by various authors and the oil composition results suggest that is a promising fuel for power and heat generation [10, 11, [15] [16] [17] .
Internal combustion engines and especially diesel engines are preferable for power generation from alternative fuels due to their high efficiency, excellent durability, less demanding exhaust emission regulations and fuel quality [18] . The use of polyethylene pyrolysis oil in diesel engines has only been investigated at low blend ratios with diesel fuel, showing promising results for use of higher blend rates. More specifically, Gungor et. al. [19] conducted a research on a four-cylinder diesel engine using the oil that derived from the pyrolysis of high density polyethylene (HDPE) blended with diesel at 5% blend ratio (95% diesel + 5% HDPE oil by volume). The investigation on HDPE showed lower brake thermal efficiency and cetane number (i.e. longer ignition delay period) and higher carbon dioxide and nitrogen emissions than diesel operation. Another research on low density polyethylene (LDPE) oil (10%) blended with diesel (90%) revealed similar ignition delay period with diesel, lower efficiency and nitrogen oxides emissions and higher unburned hydrocarbons, carbon monoxide and carbon dioxide emissions [20] . Finally, Kumar et. al. [21] investigated the effect of fuelling a twin cylinder diesel engine with HDPE oil with blends up to 40% with diesel. The results showed higher nitrogen oxides, unburned hydrocarbons and carbon monoxide emissions and lower carbon dioxide and brake thermal efficiency than diesel performance. What has not been investigated yet in diesel engines is the use of LDPE oil in high blend rates and without diesel. Moreover, the properties of an oil that derives from the pyrolysis of EVA have not been reported and the use of EVA oil in diesel engines has not been evaluated yet. In the present work, the use of EVA and LDPE oils in a diesel engine are evaluated and compared with diesel fuel operation. To accomplish this aim, the oils properties were determined and the engine combustion, performance and emission characteristics were analysed.
Materials and methods
Conversion process and fuel properties
Low density polyethylene (LDPE) and ethylene-vinyl acetate (EVA) were used as feedstocks and converted into high quality oils via the fast pyrolysis process. The schematic layout of the pyrolysis plant that was used is shown in Fig. 1 , whereas its operational information is given in our previous work [22] . The conversion chamber temperature for the pyrolysis of the EVA was maintained at 900
• C while for the LDPE was set at 700
• C. LDPE was also converted at pyrolysis temperature of 900 • C but the produced oil was too viscous and preheating was required in order to reduce the viscosity and use it as fuel in a diesel engine. This result is in accordance with other studies, which have also reported that pyrolysis of polyethylene produced high viscosity oils [7, 15, 23] . Due to the elevated pyrolysis temperature gaseous phase products were generated during the process. The produced gases were analysed by using the Gas Chromatography-Thermal Conductivity Detector (GC-TDC) and Gas Chromatography-Mass Spectrometry (GC-MS) methods. Table 1 presents the gas composition for the pyrolysis products of LDPE at 700 • C and EVA at 900 • C. It can be observed that the compositions of both gases are similar and mainly consist of hydrogen, methane, carbon monoxide and carbon dioxide.
The produced LDPE oil (LDPE700) has a dark brown colour with a very strong smell, while the EVA oil (EVA900) has a black colour with a strong acid smell. The physio-chemical properties of the LDPE700 and EVA900 are compared with diesel and are shown in Table 2 . Density, LHV, carbon and hydrogen content of LDPE700 are comparable with diesel, while the acidity, ash, oxygen content, polyaromatic hydrocarbons and total aromatic hydrocarbons are higher. In addition, the 10% distillation temperature of LDPE700 is lower than diesel revealing that the LDPE700 includes lighter products. Its cetane index which is a substitute of the cetane number indicating the fuel's needed compression for self-ignition (i.e. ignition delay period) is marginally lower than diesel, revealing a good potential of this fuel candidate. On the other hand, EVA900 has higher density, poly-aromatic hydrocarbons, acidity, oxygen and ash content, and lower total aromatic hydrocarbons, flash point, hydrogen content and LHV. The distillation test of EVA900 could not be performed because of the nature of the oil. The produced vapours were interfering with the level follower resulting in false readings -heating rates, which caused the sample to 'bump'. Due to that incident, it was decided that the distillation test could not perform safely. The cetane index is calculated based on the density and the distillation values, so it was impossible to calculate it. The higher density of the EVA900 is a sign of lower cetane index value. Moreover, the literature confirms that the cetane number of plastic pyrolysis oils is lower than diesel [18, 19, 24] . To sum up, according to the oils properties, the LDPE700 is deemed to be a better fuel than EVA900. However, both oils have a potential to be used as fuels in power generation and marine application. On this basis, a stationary diesel engine was used to test the oils.
Experimental setup
The engine that was used to test the LDPE700 and EVA900 was a four-cylinder direct injection, turbocharged, water-cooled diesel engine. The specifications of the engine are shown in Table 3 and the schematic layout of the experimental setup is presented in Fig. 2 . As it can be seen from the figure the engine is mated to an alternator and the alternator is connected to a load bank to adjust the load of the engine. Moreover, several sensors are installed in order to monitor the engine's performance. The measuring ranges and accuracies of the instrumentation can be found in our previous work [22] . The tests were performed at a rated speed of 1500 rpm and three different engine loads, namely 75%, 85% and 100% of rated power, which represent 9.47 bar, 10.74 bar and 12.63 bar of brake mean effective pressure (BMEP) respectively. According to the test procedure, initially the engine was running on diesel for 30 min to warm up and attain steady coolant -oil temperatures before it was switched to the selected oil blend. The collection of the data was started 5 min after the engine was switched to the desired oil blend. More specifically, the flow-meters' measurements, temperatures, manifold pressure and exhaust emissions were collected for a period of five minutes with one reading per second and the average was calculated. With regard to the in-cylinder pressure measurements, 100 consecutive cycles were collected and used for the calculation of the heat release rate, combustion stability and mass fraction burned. More specifically, the heat release rate was calculated based on Eq. (1):
where dQ/dh is the heat release rate (J/ • CA), p is the in-cylinder pressure (Pa), V is the cylinder volume (m 3 ) and c is the ratio of the specific heats (c = 1.35). The combustion stability of the engine is indicated by the coefficient of variation in indicated mean effective pressure (COV IMEP ) and given from Eq. (2):
where s IMEP is the standard deviation of IMEP andĪMEP is the mean IMEP over the total collected cycles. Finally, the mass fraction burned is given by Wiebe function (Eq. (3)):
where x b is the mass fraction burned, a is the duration parameter and m is the shape parameter. The typical values of 5 and 2 were used for the parameters a and m, respectively [25] . After the end of the data collection, the engine was switched to diesel fuel and run for 30 min to flush out the fuel lines and injection system from the oil blend.
Results and discussion
In this section, the experimental results obtained from the engine by running on LDPE700, EVA900 and EVA900 75 (75% EVA900 + 25% diesel by volume) are presented and discussed. The pyrolysis oils results are compared with the diesel fuel operation. The investigation is focused on the combustion characteristics, engine performance and exhaust emission analysis. As can be seen from the results, the profiles for LDPE700 were so close to diesel that it was not considered necessary to blend it with diesel. Fig. 3 shows the cylinder pressure profiles at (a) 100% and (b) 75% load. According to Fig. 3a , at full load LDPE700 depicts similar pressure profile to diesel with marginally lower peak pressure, while EVA900 and EVA900 75 present slightly longer ignition delay period and lower peak cylinder pressure. The slightly delayed start of combustion results in slightly lower peak pressures because of the larger volume of the cylinder at the time of peak combustion. This hypothesis can be supported by the later peak cylinder pressures ( • CA after TDC) of the EVA900, EVA900 75 and LDPE700 in comparison to diesel. Fig. 3b presents nearly identical cylinder pressure profiles for LDPE700 and marginally longer ignition delay period for EVA900 and EVA900 75 in comparison to diesel at 75% load. Interestingly, the addition of diesel to the EVA900 does not show a notable effect. The reason remains unrevealed, but it is believed that the already low aromatic content of EVA900 is responsible, because the addition of diesel does not reduce the aromatics. The heat release rate (HRR) for diesel, LDPE700, EVA900 and EVA900 75 at (a) 100% and (b) 75% load is shown in Fig. 4 . It can be observed that the longer ignition delay period occurs for EVA900, a marginal reduction with the addition of diesel (EVA900 75), while LDPE700 shows nearly identical ignition delay period with diesel. These results verify the hypothesis that the cetane index of EVA900 is lower in comparison to diesel fuel. According to Fig. 4b , there is a two-phase combustion for the EVA900 and EVA900 75. The first premixed combustion phase (steep) is due to the lower cetane number (longer ignition delay period) which enhances the premixed combustion portion that improves the fuel atomisation and fuel-air mixing, while the second phase follows the trend of diesel operation. LDPE700 presents marginally lower HRR peak values than diesel for both 75% and 100% load. A possible reason for this behaviour is the higher viscosity which results in poor atomisation and consequently to lower heat release rate [26] .
Combustion and performance characteristics
To understand better the effect of the fuel blends on the combustion stability of the engine at different loads, the coefficient of variation of IMEP (COV IMEP ) factor was calculated. Fig. 5 shows the COV IMEP for the fuel blends at 75%, 85% and 100% load. It can be seen that the COV IMEP remains low at all three engine loads when on diesel operation while for the fuel blends there is a slight increase at 85% load and a small increase at 100% load. The addition of diesel to EVA900 improves the COV IMEP to a large extent, which is something that cannot be seen from the cylinder pressure or heat release rate graphs. It should be mentioned at this point that the values are not significantly high as it has been recorded before on different oil tests much higher values and the engine was able to operate normally. Generally, it is good to keep COV IMEP as low as possible in order to avoid long-term engine failures. In summary, both fuels are able to run a diesel engine stably enough. Fig. 6 depicts the combustion characteristic angles i.e. the 10%, 50% and 90% of mass fraction burned (MFB) at 75%, 85% and 100% load. It can be noticed that the MFB • CA degrees of all fuel blends are very close throughout the combustion period but especially at 10% and 50% MFB. An interesting observation is that while there is a longer ignition delay period for EVA900, the 10% MFB occurs earlier (further from TDC) than diesel for all three loads. This behaviour of the faster combustion expansion can be explained by the better air-fuel mixing because of the longer ignition delay period (larger premixed portion) and the higher oxygen content of EVA900 which reduce the equivalence ratio. However, the 50% and 90% MFB of EVA900 occur later than diesel, which means that the higher polyaromatic hydrocarbons and viscosity do not maintain the combustion expansion speed. Another possible reason can be the lower LHV of EVA900 that results in longer injection duration in order to achieve the same power output with diesel. On the other hand, LDPE700 shows lower combustion characteristic angles at all loads in comparison to diesel. This result can be explained because of the higher oxygen content in combination with the similar C:H ratio of LDPE700 (C:H = 6.7) and diesel (C:H = 6.4). Altogether, the differences between both pyrolysis oils and diesel are negligible and both produce very good characteristics of combustion.
The variation of brake thermal efficiency (BTE) for diesel and fuel blends with brake power is presented in Fig. 7 . The BTE of LDPE700 is almost identical with diesel, while EVA900 and EVA900 75 show slightly lower efficiency. The addition of diesel to EVA900 does not improve the engine's efficiency notably. Maybe this is due to the fact that the ignition delay period is not shortened by the addition of diesel resulting in the same amount of time for heat to be converted to work (kinetic energy on the pistons). According to the results, EVA900 is not as preferable for long-term use as LDPE700, not only because of the higher acid number but also because of the slightly elevated combustion instability and lower BTE. However, it is still a viable fuel choice if the acidity can be managed (fuel injection system made from stainless steel). Fig. 8 presents the oxides of nitrogen emissions (NO x ) with brake power for diesel, LDPE700 and EVA blends. There are three main NO x formation mechanisms: the thermal mechanism, the prompt mechanism and the fuel mechanism [27, 28] . The thermal mechanism produces the majority of the NO x emissions in diesel engines because of the increased in-cylinder temperatures and availability of oxygen. It can be noticed that the NO x emissions in the case of EVA900 and EVA900 75 are notably higher than diesel. This is due to the longer ignition delay period which results in higher premixed combustion portion, higher in-cylinder local temperatures, Fig. 9 . Variation of unburned hydrocarbon emission with load. and longer combustion period as shown in combustion characteristics angles graph. LDPE900 produces marginally lower NO x emissions in comparison to diesel probably because of the lower in-cylinder temperatures and heat release rates. Fig. 9 shows the variation of unburned hydrocarbon (UHC) emissions with load for diesel and oil blends. Elevated amounts of hydrocarbons are able to survive until the exhaust in the cases of flame-quenching near to the wall and over-leaning or undermixing [27, 29, 30] . UHC emissions of EVA900 and EVA900 75 are significantly higher at all three loads in comparison with diesel because of the longer ignition delay period which provides better chance to the fuel spray to impinge the wall and survive from the combustion. On the other hand, LDPE700 produces slightly higher amount of UHC than diesel due to the fact that it has higher amount of aromatics and aromatic bonds require more energy to break [31, 32] . Moreover, the elevated oxygen content improves the combustion performance and in combination with the short ignition delay period result in low UHC emissions. Fig. 10 depicts the variation of carbon monoxide (CO) emissions against brake power. Due to the low equivalence ratio (0) and high in-cylinder temperatures, the CO emissions of diesel engines are very low. High CO emissions from diesel engines are a sign of unstable and incomplete combustion. It can be seen from Fig. 10 that CO emissions decrease for all fuels as the engine's load increase. The CO emissions of the oil blends are lower than diesel at loads of 85% and 100%, while at 75% load the EVA900 and LDPE700 are slightly higher. The lower CO emissions of EVA900 and EVA900 75 can be explained by the reduced aromatic content and the elevated oxygen content which enhances the oxidation of the carbon atoms. The LDPE700 does not have low aromatic hydrocarbons content but it has short ignition delay period and high oxygen content which result in decreased CO emissions in comparison to diesel operation. Fig. 11 presents the variation of carbon dioxide (CO 2 ) emissions with load for diesel, LDPE700, EVA900 and EVA900 75. CO 2 is considered as a greenhouse gas and for this reason there is a strong requirement to be reduced despite the fact that it is usually not regulated. According to Fig. 11 , the CO 2 emissions from the oil blends are lower at all three loads in comparison to diesel operation. This result is positive from environmental point of view and can be used to promote the use of these oils in diesel engines. The reduced CO 2 emissions can be explained by the carbon balance, because the UHC emissions are significantly higher.
Exhaust emissions
Conclusions
An experimental investigation was conducted to analyse the effects on the combustion performance and emission characteristics of a diesel engine running on oils which were derived from the pyrolysis of low density polyethylene at 700
• C and ethylene-vinyl acetate at 900
• C. The tests were performed on a diesel engine gen-set and the following conclusions can be made from the test results:
• The engine was able to operate stably on LDPE700 and EVA blends.
• LDPE700 has very similar combustion characteristics with diesel, while EVA blends have slightly longer ignition delay period, lower cylinder peak pressures and longer combustion period.
• The engine's brake thermal efficiency marginally reduced when LDPE700 was used in comparison with diesel and decreased by 1.5-2 % when EVA blends were used.
• LDPE700 produced lower NO x , CO and CO 2 emissions than diesel and higher UHC, while EVA blends produced higher NO x and UHC emissions and lower CO and CO 2 in comparison to diesel.
The testing results suggest that for long-term running LDPE700 would be preferable at all engine loads without the addition of diesel or any modification to the engine. EVA900 has good combustion characteristics but for long-term use it should be taken into consideration the high acidity.
